The influence of constraint on the fracture toughness properties of materials containing defects has long been recognised. To maintain conservative design and assessment principles, lower bound measurements of fracture properties are commonly used. These are measured using test pieces with a high crack tip constraint. With more accurate design processes and tools becoming more widespread, there is a move toward using more representative properties than these lower bound values. The work presented provides a method that can be used to predict the influence of constraint on the cleavage and ductile fracture toughness of a range of ferritic steels, and hence the associated benefit to the onset upper shelf temperature, defined here as the intersection between the fracture toughness loci associated with 5% cleavage fracture and a 50% ductile initiation probability.
ness, defined at 0.2mm stable tearing, the scaling method proposed by Anderson and Dodds was extended to the Rice and Tracey model as a way to provide solutions for the same matrix of tensile properties. This approach was validated against literature data for constraint effects on ductile initiation.
Finally, a worked example is provided, showing how the influence of crack tip constraint on the onset upper shelf temperature can be predicted using the solutions provided. 
Introduction
Ferritic steels undergo a transition in fracture mechanism with change in temperature. At low temperatures, fracture proceeds by a cleavage mechanism, in which fracture occurs rapidly by the initiation and catastrophic propagation of a crack along crystallographic planes. Cleavage initiates at microcracks resulting from secondary phase particles within plastically deformed material. It is stochastic in nature and failure occurs when the first critically sized microcrack propagates. This statistical nature of cleavage fracture is best represented by a 'weakest link' model and can be described by a Weibull distribution, where the distribution of secondary phase particles is represented by the shape factor of the distribution (Weibull modulus). The driving force for crack initiation is the crack opening stress the particle experiences <1>, and the scaling factor for the probability distribution is, therefore, a function of the crack tip stress field.
By considering the volume of material ahead of a crack exposed to the critical value of opening stress or higher, and the distribution of particles within the steel, a probability of cleavage can be determined. This concept underpins the widely used Beremin <2> model for predicting cleavage. It is also used in the Anderson and Dodds <3> and Nevalainen and Dodds <4> toughness scaling models, whereby the predicted probability of cleavage for a given geometry is considered to be equal to a different geometry provided the volume of stressed material is the same.
The assumption of 'weakest link' statistics becomes less representative of the mechanism of failure as the temperature increases and the size of the plastic zone likewise increases. At higher temperatures, fracture occurs as the result of the initiation, growth and coalescence of voids that form around secondary phase particles, such as inclusions or carbides. Under most circumstances, this fracture mechanism is stable, requiring increasing load or displacement to progress. Rice and Tracey <5> proposed a model in which a void grows as a result of plasticity until it reaches a critical size. The ratio of the critical void size to its initial size is considered a material property defining fracture.
Ductile fracture toughness is characterised by a J − R curve, in which the crack driving force, J, needed to grow the crack is plotted as a function of crack extension. In ductile steels this curve displays a rising J with increasing crack growth.
The onset of upper shelf temperature (OUST) is a temperature that is defined, such that, above this temperature a ferritic steel can be considered to be on the 'upper shelf' of the fracture toughness transition curve. One approach to defining the OUST is the temperature at which the fracture toughness correlating with a given probability of cleavage (typically 5%) intersects with the fracture toughness corresponding to a given amount of ductile tearing (typically 0.2mm) <6>. Figure 1 shows a schematic of a typical ferritic steel fracture toughness transition curve. On this schematic, the 'upper shelf' is the mean ductile initiation fracture toughness (the solid line). The interception with the 5% cleavage probability toughness line is the OUST.
Once defined, the OUST is then used as the basis for mandated operating conditions where safe operating is of paramount concern. Such is the case in the nuclear power generation industry, where the consequences of structural failure in critical components such as the ferritic steel reactor pressure vessel would be unacceptable.
Typically, fracture toughness properties of structural materials are measured using highly constrained test specimen geometries (to the point that additional side grooves can be added to enhance crack tip constraint) as this leads to a conservative, lower bound, measurement of fracture toughness. With the advent of more advanced modelling techniques and plant inspection techniques, it is prudent to quantify this conservatism for real or postulated defects present in service which are typically of lower constraint due to their size relative to the structural geometry or the mode of loading.
One area in which there is scope for improved understanding and tools for predicting the fracture properties is the influence that the state of constraint has on the OUST.
Predicting the effect of constraint on cleavage and ductile fracture toughness, and therefore on the OUST, requires a means of assessing the change of the probability of cleavage and the ductile initiation toughness associated with the state of constraint. Traditionally, highly constrained test pieces, tested over a range of temperatures, are used to provide the fracture toughness data that are analysed to define a conservative estimate of the OUST <6>. However, it is economically unfeasible to test all possible states of constraint to determine the constraint effect on OUST. Therefore, it is desirable for a model to be developed that can leverage the available data and scale it according to the state of constraint in a real defect.
The paper is structured as follows. The area contour toughness scaling approach is described first. This is followed by a description of the methodology used in this work, the results of this methodology, and a discussion of these results. Finally conclusions are drawn.
Area contour toughness scaling
A toughness scaling model was proposed by Anderson and Dodds <3> and this method has been used in the current work. Furthermore, the methodology proposed by Anderson and Dodds has been extended into the realm of ductile initiation by considering how the area contours of different critical Rice and Tracey parameters are affected by the constraint state.
Anderson and Dodds contour method for cleavage
Cleavage failure follows a probabilistic mechanism, best described by a 'weakest link' model. In this model failure is predicted when the first particle in a distribution of defects fails (much as a chain can be expected to fail when the weakest link fails). Anderson and Dodds recognised that, given the same defect distribution, it follows that the probability of sampling a critical microstructural feature is dependant on the volume of material subjected to its critical stress, such that the probability of failure, F , can be expressed in a general form as <3>:
where V is the volume enclosed by an isostress contour for a maximum principal stress, σ M ax , equal to a given value.
For plane strain loading conditions, the volume term in Equation 1 is proportional to the area defined by the isostress contour equal to σ. This allows the use of 2D finite element analysis using plane strain elements to quantify the benefit to cleavage fracture toughness that can be gained due to a loss of constraint.
It must be noted at this point, however, that the use of 2D analysis is limited to considering only in-plane constraint effects. Significant out-of-plane effects may be present, as discussed by Horn et al <7>, which are not accounted for using this method. In cases where there is the expectation that out-of-plane constraint effects will be large, the volume approach proposed by Nevalainen and Dodds <4> can be used. Essentially, Anderson and Dodds <3> propose that the probability of cleavage occurring in a specimen with reduced constraint is equal to that of a highly constrained specimen, provided that their volumes (and by extension for plane strain, areas) of critical stress are the same.
On the basis of this concept, J M at for a high constraint specimen can be correlated with an equivalent J C M at for a low constraint structure by identifying the load at which the volumes enclosed by an isostress contour of a constant stress is the same. Conversely, given the quadratic relationship between J and the resultant area (discussed in detail by Anderson and Dodds <3>), for a given load, the ratio of J for low constraint to J for high constraint is given by Equation 2.
where A SSY is the area enclosed by an iso-stress contour for a high constraint, small scale yielding model, and A C is the area enclosed by the same iso-stress contour for the low constraint model. 
where σ m is the hydrostatic stress, σ eq is the equivalent flow stress and ε p eq is the equivalent plastic strain.
The Rice and Tracey parameter is assumed to have a critical value which is a material property. This can be obtained from notched bar specimens in which the fracture strain and stress triaxiality can be determined.
Taking the Anderson and Dodds approach, at the onset of fracture, in a high constraint geometry, the area enclosed by the contour at the critical Rice and Tracey parameter can be determined. For a low constraint structure, fracture is predicted when an equivalent area is enclosed by the same critical Rice and Tracey parameter. Thus, for a low constraint structure, a prediction can be made for J and the benefit to the ductile initiation fracture toughness estimated.
The need to know the critical void growth is a limiting factor when providing solutions for a wide range of different materials. This limitation can be overcome by using an equivalent toughness scaling method to that proposed by Anderson and Dodds for cleavage, but taking contours of equal void growth ratios.
If the areas defined by different Rice and Tracey contours can be shown to scale proportionally in both the low and high constraint cases, then the ratio of the 'effective' fracture toughness for a low constraint structure to the high constraint toughness is independent of the Rice and Tracey parameter chosen. As a result, the toughness benefit can be applied without the necessity of knowing the critical Rice and Tracey parameter for the material of interest.
Methodology

Modified Boundary Layer model
Modified boundary layer (MBL) models are a well-tested, convenient way of testing a range of different constraint states within a single model. As such, MBL models are well suited to parametric studies, such as the one presented.
An MBL model is one in which a crack is introduced to an effectively infinite plate. Typically they are circular or semi-circular with a radius, R, being at least 10 5 times larger than the crack tip dimension ρ. In the case of the model used in this study, ρ = 25µm and R = 2.5m.
A semi-circular MBL model, taking advantage of symmetry along the crack ligament, was developed in ABAQUS TM finite element analysis software. Four node, plane strain elements (ABAQUS TM type CPE4) were used, with a bias towards smaller elements at the crack tip. Large strain analyses were used to accommodate the changes in crack tip geometry due to the magnitude of the applied load. Figure 2 shows the details of the crack tip mesh.
Williams <10> defined the elastic stress field ahead of a crack tip using a power series expansion of the form given in Equation 4 <11>.
where σ is the stress, A, B, and C are the values defining the stress state, and r, θ are polar coordinates defining a point in the vicinity of the crack tip.
When expressed in matrix notation, Equation 4 takes the form shown in Equation 5
<12>, in which K I is the mode I stress intensity factor and T is the so-called T -stress.
where σ ij is the stress component in the i, j direction, and ν is Poisson's ratio.
Typically, in linear elastic fracture mechanics, the first, K I term is assumed to be dominant and the rest of the expansion is ignored <13>. The second term of the expansion, the T -stress, has the effect of changing the constraint state at the crack tip, with compressive T -stresses reducing crack tip constraint.
In a MBL model, the crack tip stress is induced by applying a displacement boundary condition at the edge of the model. This displacement is defined in terms of radial coordinates where R is the radius of the MBL model and θ is the angle measured counterclockwise from directly ahead of the crack tip 1 .
For plane strain conditions, the displacement fields can be written in terms of the Young's modulus, E as Equations 6 and 7
In all cases, the T -stress displacement was applied first ensuring that for each load increment a constant T -stress was present. It should be noted that does not represent typical loading conditions in service, where the T -stress will increase with increasing load applied to the defect. The influence of this constraint history will be discussed.
Material properties
Tensile material properties were selected for a parametric study of the influence of T -stress on the OUST. The properties used are defined in terms of a normalised yield stress, E /σy, and a strain hardening coefficient, n, according to
where ε is the strain at stress σ, and σ y and ε y are the yield stress and strain respectively.
The analysis was carried out using a range of material properties that represent a wide range of ferritic steels and are based on the values present by Sherry et al. <14>. Table 1 shows the range of properties tested.
Calculation of the Rice and Tracey parameter
A user variable (ABAQUS TM UVARM) subroutine was defined to calculate the Rice and Tracey parameter for each integration point using Equation 3 . Contours of constant Rice and Tracey parameters were constructed using ABAQUS TM taking advantage of the in-built interpolation routines. These contours were then analysed in the same way as the stress contours.
Calculation of the contour areas
The area defined by the isostress and Rice and Tracey contours was calculated automatically. An image of the contour of interest was exported using Wavefront OBJ image format. This format is a plain text image format that contains details of a surface triangulation which describes the image. Summing the areas of the individual triangles in the surface gave the desired area and this was verified on the basis of element volumes and through the use of a 3rd party image analysis software package (MeshLab <15>).
R6 two-parameter model
There is guidance provided in the R6 assessment procedure <16> on an approach to account for constraint using a simple 2-parameter model, based on the work of Ainsworth and O'Dowd <17>. With respect to the T -stress, the model proposed in R6 is described in Equation 9 .
This model has the advantage that for a given material, the effect of any state of constraint can be modelled with two parameters, α and k. Sherry et al. <14> note that α and k are dependent on the material properties and the fracture mechanism, with ductile initiation being less significantly affected than cleavage, thus two sets of parameters are needed to predict the influence of constraint on OUST.
Determination of α and k
Equation 2 shows that the ratio of J C M at to J M at can be readily calculated from the areas defined by stress contours of interest. Using the well-known plane strain relationship between J and K I (strictly speaking K J ), shown in Equation 10 , then the ratio of K C M at to K M at can be calculated from Equation 11
For each material property combination the following steps were carried out:
1. A MBL model with a T -stress equal to 0 was analysed for a series of increasing applied K.
2. For a range of T -stresses between −0.1 y and −1.0×σ y , an MBL model was analysed in which the T -stress was applied, followed by the same series of increasing applied K as in step 1.
3. For each value of applied K in the series, the areas enclosed by a number of iso-stress and iso-Rice and Tracey contours were calculated. A SSY was determined from the analyses with T -stress equal to 0 and A c from each of the T -stresses in the range tested.
4. The predicted benefit to fracture toughness for both cleavage and ductile initiation was calculated using Equation 11.
For each combination of T -stress and material properties, a plot of K c M at/K M at vs the applied K, K Applied was constructed, such as is shown in Figure 3 . From Figure 3 it can be seen that the ratio of K C M at to K M at reaches a constant value at relatively small K Applied . For each set of material properties the value at which this ratio becomes constant was plotted against T /σy as shown in Figure   4 .
A curve of the type defined in Equation 9 was fit to the data using the curve fit routine in Python's Scipy library. Visually, close fits were obtained using Equation 9 and this is reflected in the fit parameters' standard errors, which are relatively small.
Results
Values of α and k have been tabulated for both cleavage and ductile initiation in the form of look-up tables (Tables 2 and 3 
respectively).
In order to facilitate ease of use, a set of functions and tables of their associated coefficients are also included. These enable the calculation of α and k for any combination of E /σy and n, within the bounds of validity defined.
Look-up tables
The look-up table for α and k in the case of cleavage is provided in Table   2 . Values are provided for 4 ≤ n ≤ 10 and a range of E /σy as defined in Table   1 As will be discussed, the effect of constraint on the ductile initiation toughness is apparently independent of the Rice and Tracey contour chosen and a single curve fit through all data points for the four contours has, therefore, been carried out. As a result, there is only a single set of parameters given for each set of material properties tested.
Parametrised solutions
Within the bounds of the test matrix laid out in Table 1 
provides a reasonable fit to the data, with predicted α and k being within 12% (the majority of predictions are less than 5% different) of those calculated from the finite element analysis. For the ductile initiation fits, the parametrised solutions are within 3% of those calculated from the finite element analysis. Table 4 lists the parameters for each isostress contour and for the Rice and Tracey parameter.
Discussion
Comments on MBL models
At relatively large values of J there is a risk that the plastic zone is not sufficiently contained within the bounds of the MBL model to ensure that it gives valid results. Typically, a value of R /10 is recommended as the maximum radius for the plastic zone, but this value is heuristic in nature. For the work reported, a value of R /5 has been used. In order to ensure that the results obtained were valid, an estimate of the expected value of J was compared with J calculated from the finite element analysis.
An estimate of the expected value of J from the model can be made because the K I displacements have been applied as a linear ramp over a known time increment. From Equations 6 and 7 it can be seen that K I is directly proportional to the applied displacement, thus K I at the crack tip increases linearly over the known time increment also. From Equation 10, J is proportional to K 2 I , thus if the K I displacement is applied linearly then J will increase in a parabolic fashion. As the total time is known and the maximum applied J is likewise known, then an estimate of J for a given increment of time can be calculated from Equation 13
where J Est and J M ax are the estimated and maximum value of J respectively, and τ Inc and τ M ax are the increment of time and the total time respectively.
Plots comparing the value of J calculated from the finite element analysis with this estimation of J were constructed. Figure 5 shows a set of typical plots for a range of T -stress. The solid points represent points measured when the size of the plastic zone is smaller than R /5 and are considered 'valid'. When the size of the plastic zone exceeds this limit, then the data points are considered to be 'invalid' and are plotted with hollow symbols.
For a maximum plastic zone size of R /5 both the estimated and measure J vary by less than 5% which suggests that, in this case, the typical rule of thumb is excessively conservative and R /5 is a reasonable limit to use.
As a further check, a plot of the normalised crack opening stress as a function of normalised distance from the crack tip was generated, such as is shown in Figure 6 . As can be seen in Figure 6 , the Q parameter, as defined by the difference in the crack opening stress field relative to the high constraint, small scale yielding model (the typical measure of constraint where there is a large amount of plasticity) is equivalent to the T -stress. Therefore, the use of T -stress is an appropriate measure of constraint for these analyses.
The use of Equation 2 to determine the predicted benefit is based on the assumption that the area enclosed by the isostress contour scales quadratically with increasing J. On this basis the square root of difference in areas between low and high constraint load conditions at equal J is equivalent to the difference in J at equal areas, as discussed by Anderson and Dodds <3>.
In all cases a visually close fit could be seen, such as in 
Choice of stress contour
Anderson and Dodds <3> show that there is increasing difference in the ratio of J C M at to J M at calculated from different maximum principal stress contours with increasing J and this observation matches well with the results obtained in the work reported here. Unlike the results presented by Anderson and Dodds, in which both low and high stress contours increased the predicted benefit to fracture toughness associated with low constraint, two general trends were observed in the current work:
• The constraint benefit predicted from smaller isostress contours is smaller than the benefit predicted from larger ones.
• Lower strain hardening materials (higher n) show an enhanced difference between different stress contours. There is also a small effect of yield stress on the difference, with lower yield stresses showing an enhanced difference, but this is significantly smaller than the influence of strain hardening rate.
The influence of the chosen stress contour has yet to be fully explored and, in the absence of more information, the oft-used literature value of 3 × σ y is recommended for use.
Rice and Tracey contours
In contrast to the results observed for different isostress contours, the predicted benefit to ductile initiation fracture toughness from the use of different Rice and Tracey parameter contours is apparently independent of the choice of critical Rice and Tracey parameter. Figure 9 is one such plot for a material with n = 6 and E /σy = 600, showing how the predicted benefit, as a function of T /σy, for different critical Rice and Tracey parameters overlay one another. Figure 9 is typical of the observed results across all the material properties tested, which suggests that the benefit to ductile initiation fracture toughness can be predicted from any sensible Rice and Tracey parameter, thus eliminating the need to determine the critical value for the individual steel of interest.
Further experimental validation of this observation is recommended, but a comparison with existing literature <19-21> shows that the predicted benefits to ductile initiation fracture toughness are broadly similar, which suggests that the approach presented is valid.
The effect of constraint history
As described in Section 3.1, displacements were applied to the MBL model in a stepwise manner, with the displacements due to the T -stress applied in a separate load step to the K displacement. In practice, a defect under load would experience both K and T -stress increasing in proportion to each other.
A number of MBL models were, therefore, run with K and T applied proportionally. Specific increments were identified at which K and the T -stress were equivalent to the K and T -stress used in the non-proportionally applied load cases. The isostress contours and Rice and Tracey contours at these load increments were extracted and the area enclosed by each calculated and compared to the resulting contours from the non-proportionally applied load cases at equal J. Figures 10 and 11 are typical of the different contours obtained. On the basis of this assessment, the influence of differing load paths is not significant when determining the influence of constraint on the cleavage properties, as evidenced by the close match of the iso-stress contours in Figure 10 . This is not the case for the contours of fixed Rice and Tracey parameter. Therefore, the loading path needs to be considered when determining any predicted benefit to ductile fracture toughness.
Using a non-proportional load case leads to non-conservative predictions of the benefit to ductile initiation fracture toughness. The difference in predicted fracture properties between non-proportional and proportional load cases appears to increase in an approximately linear manner with reducing constraint.
For the cases assessed, this difference typically rises to a maximum of the order of 20%.
On reflection, this is not an unexpected result. The presence of a hydrostatic stress field has been shown to accelerate the growth of voids as discussed by Rice and Tracey <5>. Where there is initially a relatively highly constrained defect, such as would be expected in a MBL model at a low applied K, the void growth is enhanced, such that, when the constraint state of the model loaded proportionally approaches the constraint state of an equivalent model in which the constraint state was low throughout the load history, the voids in the proportionally loaded model will be larger.
With this in mind, there is a caveat that must be raised when the lookup tables for ductile fracture are used and at this point in time they should be considered indicative only.
For ductile fracture the constraint history this analysis shows that the load history is an important consideration and its influence needs further research. Given the observed differences in the predicted benefit to cleavage toughness with different stress contours, the value of σ M ax /σy = 3.0 has been used for the comparison. This is toward the higher end of stress contour for which their was a 'measurable' value and thus represents one of the less conservative predictions.
The yield strength and strain hardening coefficients are reported by Sherry et. al. <14> as ≈ 275M P a and 5, respectively. This corresponds to n = 5 and E σy = 750. Figure 12 is a plot of the test data, the experimentally fit R6 curve and the predictions for the benefit to fracture toughness made using the Anderson and Dodds toughness scaling method, with a σ M ax /σy = 3.0. Based on this plot, it can be seen that the predictions made using the Anderson and Dodds toughness scaling method are conservative with respect to the data and are similar to those made using the Beremin-Weibull stress method <14>. Table 5 shows the values extracted from Figure 13 . in Hancock et. al. <19>
and are the data points for 0.2mm of crack growth. The data points for positive T -stress were not accounted for in this analysis as these give a value of unity when fit to the R6 two parameter fit, shown in Equation 9.
The data in Table 5 were plotted and a fit to the R6 two parameter model.
This was then compared with the predicted benefit to ductile initiation using the Rice and Tracey contour method described. Figure 13 shows the result of this comparison. Since the reported strain hardening rate is "close to 10" <19>, n's of 9 and 10 have been used for the comparison. Similarly, since the reported yield stress, 470M P a <19>, is close to E /σy = 450, this value of normalised yield stress has been used.
On the basis of this plot it seems that the predicted benefit to ductile initiation is similar to the experimental results for 0.2mm of ductile tearing which suggests that the presented approach is valid. This result is tempered by the knowledge that the loading path has an effect on the predicted benefit, as discussed in Section 5.4. Given the observed maximum is in the order of 20% difference, then this suggests that the predicted benefit, should the constraint history be taken into account, would be more representative of a lower bound estimate of the literature data.
Comparison with Weibull stress method
Sherry et. al. <14> provide look up tables to account for the change in cleavage fracture toughness resulting from reduced constraint. These look up tables provide parameters in the same way as the current work does, except that the analysis is based on the Beremin Weibull stress model <2>.
A comparison between the predicted benefit to cleavage toughness has been made between these two models. This was carried out by plotting the predicted benefit as a function of T /σy, using the R6 parameters from both models (the Weibull stress, and Anderson and Dodds approaches), and was carried out for all values of E /σy and n that were in common in the two bodies of work. Figure 14 shows a typical plot of the two different models.
Based on an analysis of each of the materials trialled, it can be concluded that the results obtained by each method are comparable with similar results generated.
Predicting the OUST
The R6 parameters presented in this work can be used to determine the effect that constraint has on the OUST through shifting the transition curve and the upper shelf. In order to do so a series of finite element analyses need to be carried out, modelling the defect of interest, using material properties relevant to the temperature range of interest.
In the first case an elastic analysis needs to be carried out to determine the relationship between the applied load and the T -stress. Alternatively, tabulated data such as that provided by Sherry et. al. <24> in the form of a compendium of T -stress solutions can be used. Elastic plastic analyses at different temperatures (represented by different material properties) are then carried out and the toughness scaled using the Anderson and Dodds approach.
Using the load vs T -stress relationship obtained from the elastic analysis,
T -stress trajectories can be plotted against the R6 benefit to cleavage toughness curve. The intersection of these two curves is the predicted point of fracture.
Using this point, a prediction for the benefit to cleavage toughness can be made for each temperature. This in turn allows the shift in the transition curve to be predicted.
A similar analysis can be carried out for the ductile initiation fracture toughness, which allows a shift in the upper shelf to be estimated.
The modified transition curve and upper shelf can then be replotted and the OUST estimated from their intersection.
Example analysis
In order to illustrate this approach, an example analysis has been carried out for a shallow cracked ( a /W = 0.1), three point bend test specimen using the 'Euro' dataset <25> as the high constraint reference. Temperature dependent stress strain curves were estimated and fit to the normalised material properties presented in this work. On the basis of a least squares minimisation, the best fits to the normalised material properties are:
• n = 7 and E /σy = 500 for temperatures from -60 • C to 20
• C.
• n = 7 and E /σy = 450 for temperatures from -100
For each of the temperatures shown in Table 6 , an estimate of the lower bound (5% probability of cleavage) fracture toughness was made on the basis of a censored Weibull fit. These fracture toughness data were used as the high constraint baseline toughness that formed the basis for scaling. For ductile initiation, the upper shelf initiation fracture toughness of 325M P a √ m was estimated from the raw data.
Using the temperature dependent stress strain curves, 2D plane strain finite element analyses of the three point bend test specimen were carried out.
Isostress contours at 3.0 × σ y were constructed and the area enclosed calculated as a function of J, while the plastic zone was constrained. The area was then used to scale the toughness using the Anderson and Dodds approach, giving a prediction of the benefit to the fracture toughness. It should be noted that,
given the scarcity of data available at −10
• C a good estimate of the fracture toughness for a 5% probability of cleavage could not be made. Accordingly, this temperature is missing from the analysis. In a similar vein, the data at −60 • C is known to include a number of tests with a higher fracture toughness <25>
and thus the data at the temperature was weighted with a lower weighting when fitting the fracture toughness curve.
T -stress trajectories were constructed for both 5% probability of cleavage toughness and ductile initiation fracture toughness as shown in Figures 15 and   16 . In the case of the cleavage trajectory at 20
• C, the plastic zone became unconstrained before J became large enough to get a good estimate of the benefit gained. To compensate for this limitation, the T -stress trajectory was extrapolated.
On the basis of the predicted benefits the transition curve and upper shelf were scaled and the plot shown in Figure 17 . From this analysis, the predicted OUST is 1 • C, a shift of 10 • C from the high constraint OUST.
This estimate of the predicted benefit to OUST is counterintuitively, conservative. The conservatism in the analysis is due to the non-conservatism in the estimate of the upper shelf fracture toughness. Given that OUST is defined by the intersection of the cleavage fracture toughness locus and the upper shelf, an increase in the upper shelf toughness has the effect of shifting the OUST to higher temperatures.
Conclusions
On the basis of the work described in this paper, the following conclusions have been drawn. Continued on next page 
